The Optical Communications Demonstrator (OCD) is a laboratory-based lasercom demonstration terminal designed to validate several key technologies, including beacon acquisition, high bandwidth tracking, precision beam pointing, and point-ahead compensation functions. It has been under active development over the past few years. The instrument uses a CCD array detector for both spatial acquisition and high-bandwidth tracking, and a fiber coupled laser transmitter. The array detector tracking concept provides wide field-of-view acquisition and permits effective platform jitter compensation and point-ahead control using only one steering mirror. This paper describes the detailed design and characterization of the digital control loop system which includes the Fast Steering Mirror (FSM), the CCD image tracker, and the associated electronics. The objective of this work is to improve the overall system performance using laboratory measured data.
INTRODUCTION
The goals of this effort are to characterize the end-to-end system performance of the digital controller for the Optical Communcation Demonstrator and to prepare for the upgrade of the Fast Steering Mirror that could substantially improve the tracking performance. To evaluate the tracking performance, the existing system software was modified to collect data which could characterize the FSM, the FSM electronics, and the camera imaging subsystem. The system is measured in both open loop and closed loop operating modes. A linear time invariant open loop model is developed and is used in the design of a compensating digital filter. The closed loop performance is predicted using MATLAB. With the digital filter programmed into the OCD control software, data is collected to verify the predictions. This paper presents the results of the system modeling and performance analysis.
LABORATORY MEASUREMENTS 2.1. System Architecture
The OCD design is described in detail in Ref. ' and Ref.
•2 A block diagram of the OCD is shown in Figure i . The OCD forward loop consists of the Texas Instruments TMS320C44 Digital Signal Processor (DSP) which runs the control and imaging software, the Digital to Analog Converter (DAC) which converts the digital filter output signal to an analog input signal for the FSM servo interface, the two axis FSM servo and mirror. The FSM position is sensed by way of the CCD, a DALSA CA-Di camera with 128-by-128 pixel array modified for window read-out, which reports a centroid value derived from the CCD image. The FSM is a Two-Axis Beam Steerer(TABS) manufactured by General Scanning.
For the purposes of analyzing the mirror control system to improve the laser beacon tracking, the system is grouped conceptually into subsystems, see Figure 2 . The DAC, FSM servo, and mirror are treated as the system plant. The CCD is treated as an element which only contributes to the system delay within the target control ioop bandwidth of 100 Hz and is modeled as such. This does not mean however that it is the only element in the 1oop which contributes to the system delay. The DSP and the DSP software together make up the digital filter.
Data Collection
The OCD FSM control law is implemented on a the TI TMS320C44 DSP. All system code changes, i.e., software written and compiled to run on the DSP, and all data capture are accomplished by way of the Signalogic(tm) digital signal processing development environment. The data collected for these experiments were obtained at a real-time system rate of 2KHz. This system can buffer data sequences of up to 4000 points long.
Data gathered for the mirror operating in open loop mode was taken by inputing a known signal, such as a sine wave, into the OCD FSM control driver circuitry. The open ioop data was collected for two input cases, a sine wave and a white noise signal.These input digital signals were generated in the DSP software. Each digital input point represents the desired or commanded centroid pixel location which is essentially how mirror position is measured. The FSM positions were then determined by reading the CCD camera calculated centroid values for both the Mirror x-and Y-axes. The values collected for these experiments consisted of the generated input centroid signal and the calculated centroid results from the CCD camera.
In closed loop operation, the loop is closed around a compensating digital filter. The mirror position, i.e. the centroid calculation, is fed back and subtracted from the desired position. This error is then input to the filter in order to produce the mirror control signal which is applied to the FSM driver control circuit. In the closed loop mode, a sine wave signal was applied in a way similar to the open ioop method. However, the compensator drives the mirror in an attempt to track the sinusoidal input. The input signal and the feedback centroid information are simultaneously recorded at the sample rate of 2 KHz.
In either open or closed loop mode, the data was obtained for selected discrete input sine wave frequencies. For open loop mode, the white noise input was generated by creating a DC signal where the level is fixed for a given number of sample intervals and is determined by a random number generator. The update rate for the latter signal was 1 KHz, i.e the level is fixed for two samples, with a sequence length of 2000 points.
OPEN LOOP CHARACTERIZATION
A model for the open loop mirror was developed for each axis of the mirror position controller. A white noise signal was injected into the open loop mirror control system at the input to the loop, see Figure 2 . The digital output and input data was saved to a file and then analyzed in the frequency domain using MATLAB. The procedure used to estimate the frequency response function is described in Section 8. In addition, digital sine waves at selected discrete frequencies were input to the open loop system and the data recorded. The magnitude and phase data for both the white noise and sine wave inputs were plotted for each axis. As expected the two sets of data agree as shown in Figure 4 and Figure 5 . The frequency domain plots for phase and amplitude of this closed loop system predicted by the MATLAB models are shown in Figure 6 . The X-Axis digital filter, C (z) ,was modified slightly to account for the different X-Axis plant poles.
The digital filter equations above* were converted to their equivalent continous time representation in the Laplace domain which follow in Equation 7 and Equation 8 66.02s2 + 7674.5s + 892137.7
Cr(s) = 2 2799.8s -1.24337e 9 (7) 80s2 + 8810s + 979180
The open loop transfer function which includes the compensating filters is used to determine the gain and phase margins for each axis. The open ioop bode plots for the x-axis transfer function, C (s)G (s)H (s), and the y-axis transfer function, C(s)G5(s)H(s), are shown in Figure 7 . The resulting x-axis gain and phase margin are 9.2 dB and 53.73 degrees. Similarly, the y-axis gain and phase margin are 9.4 dB and 53.41 degrees. These margins provide for a measure of the system stability.
CLOSED LOOP VERIFICATION
Experimental data was taken to characterize the closed loop performance with the digital filters in place. The OCD mirror control system was closed around the digital filters in Equation 5 and Equation 6 which were implemented in the OCD software. The filter gains were adjusted separately for each axis in the math models to achieve approximately 100 Hz of control bandwidth. The closed loop system was then tested to verify the math model predictions. Sine waves at discrete frequencies and steps were input as position commands into the closed loop mirror position control system. Each axis was tested independently. The empirical results are shown in the bode plots along side the predictions in Figure 6 . For the X-axis closed loop control, the predicted -3 dB bandwidth was slightly over 146 Hz and the measured was well over 100 Hz, Figure 6a . For the Y-axis closed ioop control, the predicted magnitude response -3 dB bandwidth was near 177 Hz, but the actual turned out to be slightly over 110 Hz, Figure 6b . The X-Axis predicted phase delay is -138 degrees and the measured phase delay was -126 degrees which is about 9 % better than predicted, Figure 6c . The Y-Axis predicted phase delay at 100 Hz was about -110 degrees, Figure  6d . The Y-Axis measured phase delay at 100 Hz was -126 degrees, a 14.5 % difference between predicted and measured.These results are listed in Table 1 . The discrepancy between the predicted and the measured curves at the higher frequencies, above 50 Hz by inspection, indicates that there are some non-negligible nonlinear effects in the real system.
The predicted and measured system error response,R (s) and R (s) , for this closed loop system are also examined. The transfer function of error over input for sine wave inputs at discrete frequencies were plotted along with the predicted error over input transfer function based on the MATLAB model, see Figure 8 .
E(s)
The terms E (s) and E (s) are the actuating signals. In the time domain, they represent the instantaneous tracking errors. Hence, the R (s) and Rn(s) transfer functions are a measure of how well the systems reject vibration over certain frequencies. In order to reduce the tracking error, the magnitude of the error transfer functions in Equation 9 and Equation 10 must be less than one over the operating frequency range •6 The time domain error response can be determined by taking the inverse Laplace transform of E (s) or E (s) for a given input, U (s) or Ufl(s). In both axes, the 0 dB bandwidth of the vibration suppression is between 50-60 Hertz.
MATLAB MODEL BASED PREDICTIONS
We want to predict system performance for a different mirror and different mirror drives. Assuming the new mirror can be characterized well by a second order linear system, a MATLAB model was created for a mirror plant where the first resonant frequency is w=50 Hertz with damping, =0. 
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Three separate cases are analyzed, the new mirror with no delay added, a second with a one sample interval delay added, and the third with approximately a three sample interval delay. Here, the sample interval is assumed to be 0.0005 second. The latter case is the delay which is present in the current system. The two cases with delay are modeled with the delay in the feedback path. Since this is a theoretical exercise, it is assumed that both axes of the new mirror are identical and not coupled. Hence, we will not be specific in terms of X-and Y-axes. The digital filter, C(z) in Equation 12 ,is designed using stable plant pole cancellation as was done for the existing digital filter discussed in the previous sections.
Where P is chosen to be a real valued number less than 1.0 and the choice for A, the forward gain, is a tradeoff between system bandwidth and overshoot.
The digital filter equation was converted to their equivalent continous time representation in the Laplace domain, see Equation 13. The performance was then analyzed using continuous time domain techniques. For the case where there is no delay in the system, Ho(s), we choose A = 80 and P = 0.08 for the digital filter values. The closed loop system response then indicates a 21 .8% maximum overshoot and a -3dB bandwidth of approximately 900 Hertz.
If we add in a one sample delay modeled by H1 (s) , then choose A = 20 and P = 0.08, the closed loop response results in a maximum overshoot of 29% and a -3dB bandwidth of approximately 373 Hertz.
For the three sample delay, H3 (s) , the choice of A = 8 and P = 0.08 results in a closed loop response with a maximum overshoot of 32.8% and a -3dB bandwidth near 183 Hertz. Table 2 summarizes these results. Figures 9a  and 9b show the closed loop magnitude and phase response for all three cases. Notice that to maintain a similar phase margin and maximum overshoot for all three cases that the forward gain and bandwidth are reduced significantly as the delay increases.
In addition to the frequency domain characteristics of predicted system discussed above, the frequency domain error magnitude responses are plotted and shown in Figure 10 . These results demonstrate the effect of the tracking loop delays on the system. The case where there is a three sample delay added to the model of the new mirror, the error response is similar to the error response of the existing system. Since both axes of the mirror have similar error responses, only the Y-Axis of the existing mirror is included for reference. The modeling and simulations indicate that the system time delays must be minimized in order to improve the tracking performance. Since any potential tracking performance improvements realized by upgrading to a better steering mirror may be diminished by the time delays contributed by the other components of the tracking ioop. 
SUMMARY
This paper characterizes the end-to-end digital control system performance for the OCD. The frequency domain characteristics of both the compensated and uncompensated system were measured and modeled. Also, the time domain response of the closed loop system was simulated and compared to the measured response. A model based analytical tool for performance prediction was developed for the OCD. This model was then used to predict performance for a new mirror. From the model and model-based simulations, we are able to deduce the effects of system delays on system performance. The real system was also modified to generate digital test inputs and allow for measurements to be easily gathered. Hence, the ability to collect real performance data is now part of the system. This feature provides for a systematic approach to quantify any future upgrades to the OCD.
APPENDIX A
The following data analysis procedure described in is used to derive the estimates of the open loop transfer functions.
The time series input data, x(mt8), and output data, y(mt8), m a positive integer and t the sampling time, are detrended. Next, the data is passed through a Hanning filter to prevent spectral leakage in the Fourier domain. The magnitude and phase response of the system are estimated using the detrended filtered time series data. The frequency response estimate for a single-input/single-output system is calculated using the following equations.
(f) = Gx:(f) = Iftxy(f)Ie
where 2
is the averaged estimate of the one-sided cross-spectral density and
is the averaged estimate of the one-sided auto-sprectral density, and T = Nt8 = length of the data subrecord in seconds,N= number of data points in the data subrecord, Tr NdT total record length of the data in seconds, Nd= number of distinct and disjoint subrecords oflength T seconds in the total record, t = sampling time, X(f, T)=Finite
Fourier transform of the ith subrecord of the time series data, x(mt3), and Y(f, T)=Finite Fourier transform of the th subrecord of the time series data, y(mt)
The system magnitude response is IE(f)I and the system phase response is q5(f). The estimated transfer function has values at the following discrete frequencies I = fk where fk = -, for k = 0, ..., :: "
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